Objectives: Myocardial ischemia results in an early phase of arrhythmias that primarily involves reentrant mechanisms. However, the trigger that initiates reentry remains unknown. We studied the initiation of reentry attending the development of electrical heterogeneity during simulated ischemia in isolated canine right ventricular subepicardium. Methods: Preparations consisted of thin epicardial sheets in which action potentials were recorded at 4 sites with intracellular microelectrodes. Tissues were superfused with a hyperkalemic, hypoxic and acidotic 'ischemic' solution. Results: Simulated ischemia produced a 40-70% abbreviation of the action potential at some epicardial sites but not others, primarily by suppressing development of the action potential plateau (or dome). This typically created a marked dispersion of repolarization within the preparation. Local re-excitation ensued when the action potential dome propagated from sites where it was maintained to sites where it was abolished. This mechanism, termed 'phase 2 reentry', produced an extrasystole which then initiated one or more cycles of circus movement reentry. Tachycardias consisting of repetitive reentry occurred in larger tissues. The window for reentry occurred over a range of stimulation rates that shifted to faster rates as ischemia progressed. The transient outward current blocker, 4-aminopyridine, restored the dome at all sites by reversing the ischemia-induced abbreviation of the action potential. Thus, block of the transient outward current restored electrical homogeneity and abolished all reentrant activity within the epicardial preparations. Conclusion: Our results implicate phase 2 reentry as a new mechanism for genesis of extrasystoles during simulated ischemia and identify this mechanism as a trigger of circus movement reentry. Validation of this hypothesis awaits the results of future studies using high-resolution recording techniques.
Introduction
Coronary artery occlusion produces two distinct stages of severe ventricular arrhythmias in the dog (see [1, 2] for reviews). Stage la arrhythmias usually occur after 2-10 min of occlusion, whereas stage lb arrhythmias occur after 12-30 min of occlusion. The subepicardium exhibits marked conduction slowing and delayed activation during stage la arrhythmias, whereas the subendocardium is largely unaffected [3] . Subepicardial electrograms recorded during stage la are typically fractionated, suggesting a high degree of spatial inhomogeneity in the epicardial [4, 5] . Two mechanisms are postulated for ta arrhythmias. Reentry is believed to cause ventricular tachycardia and fibrillation during this stage [4] [5] [6] . The second mechanism responsible for the ventricular premature depolarizations that initiate the reentrant activity during ischemia is not well defined. In contrast to stage la, stage lb arrhythmias occur after some improvement in the subepicardial electrograms [5, 7] . This improvement may reflect an ischemia-induced release of norepinephrine from local nerve endings that occurs after 15-20 min of ischemia [8, 9] . The mechanisms underlying lb arrhythmias are unknown but do not seem to involve reentry. However, release of endogenous catecholamines may provide the substrate or trigger for lb arrhythmias, since their inci-
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dence is greatly reduced by [3-receptor blockade [10] . The striking differences in electrogram characteristics suggest that stage l a arrhythmias may originate in subepicardium whereas those during stage lb originate in subendocardium.
The occurrence of ventricular arrhythmias during ischemia is well documented. However, the event that triggers reentrant arrhythmias is unknown. Previously, we reported that simulated ischemia produces much greater action potential shortening in canine epicardium versus endocardium [11] . The greater sensitivity to simulated ischemia was due to the presence of a large transient outward current (/to) in epicardium that is lacking in endocardium [11] [12] [13] . Earlier studies with multiple microelectrodes revealed a marked heterogeneity in the 'ischemia'-induced changes in action potentials in epicardium [ 11] . The large dispersion of repolarization created between different parts of the preparation often results in development of extrasystolic activity [14] . The present study examines the mechanisms of initiation of reentry attending development of electrical heterogeneity in canine epicardial sheets during simulated ischemic conditions.
Methods

The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1985).
Hearts were removed from adult, male mongrel dogs (15-30 kg) anesthetized with sodium pentobarbital (30 mg/kg, i.v.). Thin sheets of subepicardial muscle were shaved from the right ventricle midway between the base and apex using a dermatome (Davol, Cranston, RI) and trimmed roughly square. The size of the epicardial sheets ranged from 0.7 × 1.0 to 2.4 × 2.6 cm by 0.6-0.8 mm thick (area: 0.7 to 6.2 cm2). Preparations were pinned in a tissue bath (6 ml volume) and superfused with 'normal' Tyrode's solution containing (in mM): NaC1 129.0; KC1 4.0; NaH2PO 4 0.9; NaHCO 3 20.0; CaC12 1.8; MgSO 4 0.5 and D-glucose 5.5. The solution was maintained at 37 + 0.5°C and had a final pH of 7.35 + 0.5. The Tyrode's solution was bubbled with 95% 02-5% CO 2 to produce a pO 2 of 550-650 mmHg measured in the tissue bath.
The epicardial sheets were stimulated through silver bipolar electrodes insulated except at the tips. Stimuli consisted of pulses 2 ms in duration at 2 times diastolic threshold intensity. Action potentials were recorded simultaneously from 4 sites on each preparation using glass microelectrodes filled with 2.7 M KC1 (15-30 Mf~ resistance) connected to dual microprobe systems (WP Instruments, New Haven, CT). Signals were displayed on an oscilloscope (5111A; Tektronix, Beaverton, OR), amplified with a programmable amplifier, and digitized (model 1401 A/D System; Cambridge Electronic Design [C.E.D.], UK). Acquisition was controlled through a PC computer, which was also used for analysis of data using Spike2 software (C.E.D., UK).
Epicardial sheets were equilibrated with normal Tyrode's solution for 3-5 h. Tissues were then superfused with an altered Tyrode's solution that mimicked ischemia (hyperkalemia, hypoxia and acidosis). The 'ischemic' Tyrode's solution contained (mM): NaC1 129.0; KC1 6.0; NaHzPO 4 0.9; NaHCO 3 20.0; CaC12 1.8; MgSO 4 0.5 and D-glucose 5.5. The pH of the solution was adjusted to 6.8 with 5 N HC1 and the solution was vigorously bubbled with 95% N2-5%CO 2 in a sealed glass reservoir for 2-3 h. The pO 2 of the 'ischemic' solution was < 45 mmHg measured in the bath (ISO 2 Dissolved Oxygen Meter; WPI, New Haven, CT). Epicardial sheets were superfused with ischemic Tyrode's solution until depression of the action potential plateau occurred at one or more sites. The stimulation rate was then scanned over a basic cycle length (BCL) range of 200-4000 ms to induce reentrant activity and characterize its rate-dependence. Next, premature stimuli were delivered in an attempt to induce reentrant activity. Single test pulses ($2; 2 ms duration, twice diastolic threshold) were delivered after every tenth basic beat (S 1) at a BCL of 800 ms. The S1-S 2 coupling interval was progressively shortened until the start of the refractory period at one or more sites, Transverse and longitudinal conduction velocity were measured simultaneously using 4 microelectrodes. Conduction velocity was calculated by dividing inter-electrode distance by the conduction time. Inter-electrode distance was measured at 12 × magnification using a calibrated eyepiece reticle on a stereo-microscope. Conduction time (measured from expanded records) was the interval between upstrokes recorded at the two sites. Two measurements were made in the transverse and longitudinal fiber orientation and the values averaged. Since it was difficult to identify the exact conduction pathway, conduction velocities are approximate values only.
A 0.5 M stock solution of 4-aminopyridine (4-AP; Aldrich Chemical Co., Milwaukee, WI) was prepared fresh and added to the ischemic solution (1 mM final concentration) 15 min before use. 4-AP produced a transient alkalization of the ischemic solution that lasted for 5-10 min.
Data are expressed as mean _+ standard deviation of the mean.
Results
Heterogeneous depression of action potentials during simulated ischemia
Preparations used in this study consisted of sheets of subepicardial muscle shaved from the right ventricle of canine hearts. These sheets were typically < 1 mm thick and exhibited normal conduction. Fig. 1A shows action potentials recorded from 4 sites on an epicardial preparation stimulated at a BCL of 800 ms. Little heterogeneity is seen under control conditions. The action potential duration at 90% repolarization (APD90) was 198, 194, 189 and 197 ms at sites 4 to 1, respectively. Phase 1 voltage (measured at the nadir of the notch) was -16, -17, -17 and -21 mV at sites 4-1. Conduction velocity measured transverse (CV x) or longitudinal (CV L) to the fiber orientation was 31 and 51 cm/s. In 21 epicardial sheets, APD90 averaged 201.7-t-15.3 ms, phase 1 voltage averaged -22.8 -t-7.5 mV, and CV T and CV L averaged 28 -t-8 and 47 _+ 12 cm/s, respectively (BCL = 800 ms).
Exposure to simulated ischemia (Fig. 1B) resulted in a non-uniform abbreviation of action potentials at different sites. After 30 min, the action potential dome (plateau) develops normally at sites 3 and 4, but not at sites 1 and 2. Site 1 is totally devoid of a dome, whereas the secondary depolarization at site 2 appears to be an electrotonic remnant of a dome in neighboring tissue that fails to . With continued exposure to ischemic conditions, the dome was abolished at sites 2 and 3; only site 1 displayed a dome after 45 min of simulated ischemia. A direct correlation exists between phase 1 voltage measured in control and the time to depression of the normal dome during simulated ischemia (the more negative the phase 1 voltage, the earlier the dome was abolished; see [11] ). The large dispersion of repolarization created by loss of the action potential dome at some sites but not others led to extrasystolic activity in most preparations. Simulated ischemia elicited two distinct types of extrasystolic activity. Small preparations (< 1.5 cm 2) exhibited only one type, whereas both occurred in larger preparations. Thus, the results for small and large preparations are presented separately. Fig. 2 shows typical extrasystolic activity elicited in small (0.7-1.5 cm 2) epicardial sheets. Sites 4~3 and 1~2 are 3 mm apart, and sites 1~4 and 2 ~ 3 are 4 mm apart. After 35 min of simulated ischemia, the action potential dome failed to develop at all sites at a BCL of 800 ms (not shown). Following acceleration to a BCL of 700 ms, a normal dome appears at site 4 but not at sites 1-3 ( Fig. 2A) . Propagation of the dome from site 4 to the rest of the tissue results in the generation of a closely coupled extrasystole (coupling interval is 156 ms at site 1). This phenomenon is termed 'phase 2 reentry' because propagation of phase 2 (dome) is responsible for reentrant re-excitation of the tissue [15] [16] [17] . In small preparations, the phase 2 reentry-induced extrasystoles usually did not reexcite the rest of the tissue. Fig. 2B was recorded 5 min later. A stable pattern of extrasystolic activity persisted for 7 min in this tissue. Phase 2 reentry always occurred in a clockwise activation pattern in this tissue. Of the 11 small preparations tested (0.7-1.5 cm2), 7 exhibited extrasystolic activity of this type (Table 1) . Phase 2 reentry occurred after loss of the dome at 2 sites in 2 preparations, and after loss of the dome at 3 sites in 5 preparations.
In larger epicardial sheets (1.6-6.2 cm2), the phase 2 reentry-induced extrasystole was able to arrive late enough to reexcite the region displaying a normal action potential dome. In the example shown in Fig. 3 , a dome develops at sites 3 and 4, but not at sites 1 and 2. The dome generated in the upper half of the preparation propagates to the lower half, reexciting this region to produce an extrasystole with a coupling interval of 160 ms. The extrasystole then propagates from site 1 to sites 4, 3 and 2 to produce circus movement reentrant re-excitation of the tissue with coupling intervals of 180, 200 and 230 ms at sites 4, 3 and 2, respectively. Episodes of phase 2 reentry followed by circus movement reentry usually occurred in the large epicardial sheets (> 1.5 cm2), but only phase 2 reentry was seen in the smaller sheets (Table 1) . Phase 2 reentry and circus movement reentry occurred in 8 epicardial sheets. In all cases, phase 2 reentry preceded the circus movement reentry. Extrasystolic activity occurred after loss of the dome at 2 sites in 6 preparations, and after the loss of the dome at 3 sites in 2 preparations. No arrhythmic activity was seen when the dome was abolished at only 1
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. Phase 2 reentry initiates circus movement reentry in a larger (2 X 2 cm) epicardial sheet after 40 min of exposure to simulated ischemia. A normal dome develops at sites 3 and 4 and propagates to sites 2 and 1 causing re-excitation of site 1 with a coupling interval of 160 ms. The extrasystolic beat generated at site 1 then propagates in a counter-clockwise direction to re-excite sites 4, 3 and 2, in that order. The extrasystoles at sites 4, 3 and 2 are due to normal impulse propagation (phase 0 circus movement reentry) of the extrasystolic beat from site 1. In contrast, the generation of the extrasystole at site 1 involves propagation of the dome from sites 3 and 4 (,phase 2 reentry). Basic cycle length = I000 ms.
site, or at all 4 sites. When reentry occurred in Fig. 3 , conduction of the basic beats had decreased from 31 to 26 cm/s for CV T (16%) and from 51 to 36 cm/s for CV L (30%). Over 150 episodes of reentry were seen in this preparation, a common finding in larger epicardial sheets. "I" = simulated ischemia: 4-AP = 4-aminopyridine (1 raM). ~ Extrasystolic activity produced by propagation of the action potential dome (phase 2). b One or more cycles of reentrant reexcitation resulting from propagation of phase 0.
Frequency dependence of reentrant activiO' during simulated ischemia
The pattern of reentrant activity seen during simulated ischemia was a sensitive function of the stimulation rate. Fig. 4 plots the rate-dependence of extrasystolic activity in an epicardial sheet. Extrasystolic activity occurred over a BCL range of 400 to 3000 ms. At BCLs slower than 3000 ms, the action potential dome failed to develop at all 4 sites and extrasystolic activity did not occur. Similarly, reentrant activity did not occur at BCLs faster than 400 ms. since the dome was present at all 4 sites. Thus, electrical homogeneity was restored at both frequency extremes. At intermediate rates, the dispersion of repolarization attending each stimulated beat, or every second or third stimulated beat, elicited bigeminal, trigeminal or quadrigeminal patterns of extrasystolic activity, respectively. However, bigeminy was by far the most common pattern observed (n = 6).
The curve relating extrasystolic activity to BCL shifted to the left with continued ischemia, such that arrhythmic activity occurred at progressively faster rates as ischemia progressed. One reason for this trend was that progressively faster stimulation rates were required to maintain the dome at one or more epicardial sites as ischemia progressed. With long exposures to simulated ischemia, the action potential dome was lost even at very fast stimulation rates (i.e., BCL < 250 ms). Thus, reentry only occurred over a critical window of BCLs and this window shifted to faster stimulation rates with continued exposure to simulated ischemia. Basic Cycle Length (msec) Fig. 4 . Plot of extrasystolic activity as a function of stimulation rate in an epicardial sheet exposed to simulated ischemia. Percent extrasystolic activity refers to the ratio of extrasystoles to stimulated beats (i.e., 50% extrasystolic activity corresponds to a stimulated beat followed by one extrasystolic beat at all 4 recording sites). At basic cycle lengths ranging from 3000 to 400 ms, patterns of extrasystolic activity were obtained in which each stimulated beat, or every second or third stimulated beat was followed by an extrasystole (i.e, bigeminy, trigeminy or quadrigeminy, respectively). Extrasystolic activity was not observed at shorter basic cycle lengths ( < 400 ms) due to restoration of the dome at all 4 recording sites. 
Programmed stimMation-induced reentrant acti~'ity
Changes in stimulation frequency could increase or decrease the degree of heterogeneity in the epicardial preparations and thus induce or prevent reentrant activity. Premature stimuli produced similar effects On heterogeneity and reentry. Fig. 5 depicts the restitution of APDg0 at 4 sites in an epicardial sheet after exposure to 35 min of simulated ischemia. During basic stimulation, all 4 sites exhibited brief action potentials without a dome. Restoration of the dome occurred over a different range of S1-S 2 coupling intervals at each epicardial site. Thus, a large dispersion of repolarization developed at S t-S 2 intervals from 450 to 600 ms. Over this range, programmed stimulation resulted in reentrant reexcitation. At S1-S 2 intervals _< 400 ms, the dome was restored at 3 or all 4 sites, which greatly reduced the heterogeneity between sites. Electrical homogeneity also occurred at S1-S 2 intervals > 650 ms due to loss of the dome at all sites. Thus, reentrant activity did not occur at either very short or very long coupling intervals. Fig. 6 illustrates the vulnerable window for phase 2 reentry in a small preparation (0.7 cm2). During basic stimulation, action potentials at both sites were devoid of a dome. At an S1-S 2 interval of 400 ms (Fig. 6A) , the dome is partially restored at the distal site. At an St-S 2 of 350 ms (Fig. 6B) , the dome is restored at the distal but not the proximal site. Propagation of the dome from the distal to proximal site induces a reentrant beat with a coupling interval of 158 ms. At an Sa-S 2 interval of 300 ms (Fig.  6C) , recovery of the dome was still heterogeneous but the notch was smaller. The earlier second upstroke of S 2 response at the distal site induced a reentrant beat with a shorter coupling interval (128 ms) than in Fig. 6B . At Sl-S 2 intervals < 300 ms, the upstroke of the dome occurs during the refractory period of the proximal S 2 beat (Fig. 6D) . If the second upstroke occurred during repolarization of the proximal site, phase 2 reentry did not occur despite the large dispersion of repolarization. The timing of the second upstroke of the dome determined whether or not reentry occurred.
Phase 2 reentry as a mechanism for initiation of tachycardia
The examples thus far showed only single episodes of reentry where the impulse failed to reexcite the tissue more Interpolation of a premature stimulus at an S1-S 2 = 400 ms results in the development of a dome at a site in close proximity to the distal recording site which fails to propagate actively to the rest of the preparation. (B) A stimulus delivered at a shorter coupling interval (S1-S 2 = 350 ms) elicits a response at the distal site displaying a normal spike and dome configuration. Re-excitation of the proximal site occurs via a phase 2 reentry mechanism (R). (C) A premature stimulus introduced at a S 1 -S~ interval of 300 ms elicits a reentrant re-excitation with a shorter S I-R coupling interval due to the more rapid second upstroke of the distal response. (D) A premature stimulus delivered at an S 1 -S 2 interval of 250 ms fails to generate a reentrant beat despite development of a marked dispersion of repolarization.
than once. When large preparations were used (6.0-6.2 cm2), episodes of tachycardia were readily induced (Fig.  7) . In this example, loss of the action potential dome results in marked abbreviation of the action potential at recording sites 3 and 4 but not at sites 1 and 2, causing a marked dispersion of repolarization between the right and left halves of the preparation. The initial reexcitation of sites 3 and 4 is consistent with phase 2 reentry due to propagation of the action potential dome from sites 1 and 2. The extrasystole then follows a circular path to reexcite sites 1 to 4. A clockwise circus movement reentry now continues for several cycles during which cycle length shortens from 170 to 142 ms. The reentry terminates in the fifth cycle due to block of the impulse between sites 1 and 2. Repetitive reentry did not occur if the dome was present at all epicardial sites, or absent at all sites. Also, the sustained reentry was always preceded by activity consistent with a phase 2 reentry mechanism (n = 3).
Antiarrhythmic effect of Ito blockade
The effects of the /to blocker, 4-aminopyridine (4-AP), were examined in 9 preparations of different sizes. In Fig.  8A , the action potential dome was lost at sites 4, 3 and 2 but not at site 1. Phase 2 reentry due to propagation of the dome from site 1 to site 2 causes the first re-excitation. The extrasystole then follows a circular path to reexcite the rest of the tissue. The clockwise circus movement reentry continues for three cycles. Fig. 8B was recorded 5 min after addition of 1 mM 4-AP during continued exposure to simulated ischemia. 4-AP restored the dome at all sites and abolished the arrhythmic activity within 3 min. An antiarrhythmic effect of 4-AP was seen in all 9 epicardial preparations ( Table 1 ). In the presence of 4-AP, reentry could not be induced at any stimulation rate or by programmed stimulation protocols.
Phase 2 reentry during washout of simulated ischemia ( 'reperfusion ')
Epicardial sheets that did not exhibit extrasystolic activity after prolonged ischemia (n = 3) often did so during washout of simulated ischemia or 'reperfusion' (Fig. 9) . 'Reperfusion' was initiated after 55 min of ischemia, when action potentials at all 4 recording sites were devoid of a dome and no arrhythmic activity was present. Soon after the start of 'reperfusion' the dome reappeared at sites 3 and 4 but not at sites 1 and 2. The action potential dome is seen to propagate from the upper portion of the preparation (sites 3 and 4) to reexcite the lower portion (sites 1 and 2) after a delay. Recording site 2 must be very close to the junction at which action potentials with and without a dome appear because an electrotonic foot-potential is seen. Conduction of the dome from the upper to lower sites (phase 2 reentry) produces a closely coupled extrasystole that continues in a circular pattern from site 2 to sites 1, 4 and 3. The circus movement reentry terminates when the impulse encounters refractory tissue in attempting to propagate from site 3 to site 2. The electrotonic potentials recorded at site 2 are expected when the recording site is a b close to the transition zone between the region where the dome is abolished and that where it is maintained.
Discussion
This study demonstrates that relatively mild simulated ischemia produces a heterogeneous abbreviation of action potentials in isolated canine right ventricular subepicardium by abolishing the action potential dome at some sites but not others. Propagation of the action potential dome from sites where it is maintained to sites where it is abolished induces local re-excitation of the preparation through a mechanism termed 'phase 2 reentry'. Electrical heterogeneity leading to phase 2 reentry has previously been demonstrated in response to: (1) K + channel openers such as pinacidil [15] ; (2) sodium channel blockers such as flecainide [16] ; (3) increased [Ca2+]o [17] and; (4) metabolic inhibition [18] . However, the present study is the first to demonstrate that phase 2 reentry can trigger one or more cycles of circus movement reentry. Thus, phase 2 reentry may generate the premature ventricular depolarizations that initiate tachycardia and fibrillation in the heart during ischemia. Reentry occurs when a propagating impulse fails to die out after normal activation of the heart but persists to reexcite sites within the myocardium after expiration of their refractory period [19] . Both types of ischemia-induced reentry seen in our preparations fall within this definition. In phase 2 reentry, electrotonic current flowing from the site at which the dome was maintained to the site at which it was lost represents the 'impulse that fails to die' and persists to reexcite the tissue. In circus movement reentry, the propagation of an impulse around an anatomical or functional obstacle leads to reexcitation.
Role of Ito in the heterogeneous depression of epicardium during simulated ischemia
Action potentials recorded in canine epicardium exhibit a spike and dome morphology with a prominent notch between phase 0 and phase 1. The notch is smaller in midmyocardium and largely absent in endocardium [13, 20, 21] . Differences in the early phases of the action potential are attributable primarily to a larger /to in epicardium compared to other myocardial layers [13] . The heterogeneous response of epicardial sites to simulated ischemia may relate to the variability in spike and dome morphology at different sites. We have previously reported that the larger the notch in control, the less time required for loss of the dome during simulated ischemia [11] . Intrinsic diversity in notch amplitude likely reflect variations in the kinetics and intensity of the currents (/to, /Ca, Icl(c~,l) that contribute to the early phases of the epicardial action potential [13, 22] . Regional variations in ionic currents would also explain the apico-basal gradient of APD90 observed on the epicardial surfaces of the canine ventricles: APDgo is longest at the apex of the ventricle and shortest at the base [23] .
The 4-AP experiments provide further evidence for a role of/to in the epicardial response to simulated ischemia. The 'ischemia'-induced loss of the dome in epicardium was reversed by the /to blocker, 4-AP, or frequency protocols that reduce the contribution of /to (fast stimulation rates, premature beats). Indeed, the normal APD-rate relation in epicardium is reversed during simulated ischemia since the action potential dome is maintained at fast but not slow stimulation rates [11] . The slow recovery of/to from inactivation suggest it is mainly responsible for the rate-dependent changes in the spike and dome morphology of epicardial action potentials [13] . Thus, /to importantly influences the rate-dependence of phase 2 reentry (Figs. 4-6 ) and block of /to by 4-AP can abort or prevent reentry (Fig. 9) . It should be noted that 4-AP blocks a variety of K + currents at high concentrations (2-5 mM) . At the concentration used in this study (1 raM), 4-AP has little effect on the inward rectifier (IK1) or delayed rectifier (I K ) current [24] .
The mechanism underlying phase 2 reent~
Our data suggest that heterogeneous repolarization of adjacent epicardial sites gives rise to electrotonic currents that induce reentrant reexcitation via phase 2 reentry. The mechanism of phase 2 reentry fits within the conceptual framework of "prolonged repolarization-dependent reexcitation' (PRDR) [25] . The prerequisite for PRDR is an area of myocardium that exhibits delayed repolarization connected to an area with a normal APD. In PRDR, electrotonic currents flowing between the two sites give rise to multiple depolarizations at the site with normal APD. Early afterdepolarizations (EAD) are one possible mechanism for creation of an area of prolonged repolarization, EAD-induced triggered activity arising in Purkinje fibers can conduct to ventricular muscle, or to a normal segment of Purkinje fiber, and reexcite it repetitively [26, 27] . However, prolongation of APD by itself will not induce recurrent excitation of the region with the shorter APD. A secondary depolarization is needed in the affected region, in the form of an EAD or triggered response, to reexcite the normal tissue since this provides an increase in source current. Local circuit current generated by the increasing voltage gradient between the two areas (i.e., with and without an EAD) provides the excitatory current needed to activate cells in the normal area.
In the case of EAD activity and PRDR, the interaction is between a prolonged APD site and a normal APD site. This is in contrast to phase 2 reentry where the interaction is between a normal APD site and an abbreviated APD site. The second upstroke which gives rise to the epicardial dome provides the excitatory source current needed to reexcite neighboring regions at which refractoriness is abbreviated. Hence, both a large dispersion of repolarization and second upstroke are required for phase 2 reentry to occur. When the second upstroke is so rapid that it encroaches upon the refractory period of the region devoid of a dome, reexcitation fails despite the marked dispersion of repolarization (Fig. 6D) .
Some of the electrotonic manifestations attending phase 2 reentry resemble EADs. However, the characteristics of EADs and phase 2 reentry are very different. EADs typically occur in myocardium after significant APD prolongation [28, 29] , whereas the opposite is true for phase 2 reentry. Slow stimulation rates are required to induce EADs [30] [31] [32] ; phase 2 reentry, on the other hand, occurs at increasingly faster rates during ischemia. In fact, slow stimulation rates abolished the dome at all epicardial sites and prevented phase 2 reentry. Also, single premature stimuli could induce phase 2 reentry in preparations devoid of a dome at all sites and exhibiting no electrotonic responses. These findings are generally inconsistent with an EAD-mediated mechanism. Also, components of our ischemic solution, like elevated [K+]o, are known to suppress EADs and triggered activity [30, 32] . Thus, agents that induce loss of the action potential dome and phase 2 reentry, including K + channel openers and Na + and Ca 2+ channel blockers, all suppress EAD activity [33] [34] [35] .
Phase 2 reent~ as an initiator of circus mouement reent?3'
Circus movement reentry as a mechanism of cardiac arrhythmias has evolved to include the ring, figure of eight and leading circle or spiral models of reentry [1, [36] [37] [38] [39] . Dispersion of repolarization and refractoriness, coupled with premature activation, facilitate the induction of circus movement reentry [1, 19, 40] . Both conditions occur in epicardium during ischemia. Simulated ischemia induces a large dispersion of repolarization that initiates phase 2 reentry, which then triggers a circus movement reentry. Reentry initiated by this sequence lasted for up to 5 cycles in the present study, and it is likely that sustained tachycardias would occur in even larger preparations. The relatively fast conduction maintained during ischemia may also have contributed to the lack of sustained tachycardias. Typically, CV t decreased by only 17.9 + 8.0% and CV u by 31.5 _+ 13.2% during simulated ischemia (n = 21). In situ, greater slowing of conduction in deeper myocardial layers [41] may accompany electrical heterogeneity in the epicardium. Thus, reentrant circuits may be generated that encompass several ventricular layers in the intact heart (intramural reentry [42, 43] ). The greater resistance of midmyocardial versus epicardial cells to ischemia [21] would also favor the generation of reentry loops between these two ventricular layers.
Major conduction delays elicited during ischemia clearly facilitated reentry, but these were functional delays due to a dispersion of repolarization rather than to electrical uncoupling.
Step delays in conduction rather than slowing of conduction were observed at one or more sites in all preparations. The electrotonic nature of these delays was apparent when a microelectrode was impaled at the interface between a region with a dome and one without a dome (Fig. 9) . In most epicardial preparations, the transition from an area with a dome to one without a dome occurred abruptly over 1-3 mm. APD9o and refractoriness decreased by 50-75 ms over this distance. Abrupt changes in refractoriness, over _< 1 ram, have been recorded on the epicardial surface in vivo during reentrant activation in a canine 4-day post-infarction model [44] .
Phase 2 reentry may also participate in reperfusion arrhythmias, since washout of simulated ischemia (i.e., ~reperfusion') results in a heterogeneity of action potentials similar to that created during simulated ischemia (see Fig.  9 ).
Limitations of the study
References
This study uses a relatively mild ischemic insult. Ischemia induces a transmural gradient of ionic and metabolic changes across the canine ventricular wall. Changes in [K+] o [45] , pH [46] , lactate [47] and metabolism [48, 49] are smallest in subepicardium and greatest in subendocardium. Also, collateral blood flow is distributed disproportionately to the subepicardial zone of the ischemic region [49, 50] . Thus, a milder ischemia may more accurately mimic the changes occurring in epicardium. The composition of our ischemic solution incorporates values reported for these parameters during in vivo ischemia in the canine subepicardium.
The resolution of the mapping system used in this study can be criticized as being less than optimal. The specific path of impulse conduction involved in each case of phase 2 and circus movement reentry is often difficult to resolve. However, our resolution of 4 intracellular recordings per cm 2 is greater than many previous studies of the mechanisms of reentry. High density extracellular recording techniques are unlikely to provide more useful information in the case of phase 2 reentry because of the complex electrotonic interactions involved.
Several lines of evidence point to circus movement reentry as a likely mechanism for the extrasystolic activity produced by the phase 2 reentry-induced premature beat: (1) the presence of a marked dispersion of repolarization created during simulated ischemia; (2) the induction of the arrhythmia with a single, closely coupled premature beat; (3) the circular path inscribed by the re-exciting wavefront; and (4) the strict dependence of maintained ectopic activity on preparation size. These are well-established markers and determinants of circus movement reentry. The absence of any other obvious arrhythmogenic sources (EADs, DADs or abnormal automaticity) also leaves reentry as the most likely mechanism.
The applicability of the ischemia-induced changes in the canine heart to humans presumes that action potentials in human epicardium exhibit a pronounced /to-mediated spike and dome morphology. Recent reports indicate this is the case [51, 52] . However, /to reactivation is much faster in human epicardium than in dog, which suggests that electrical heterogeneity and phase 2 reentry might occur over a much wider range of heart rates in the human ventricle.
